Because of controversial data in the literature, we studied the localization of uric acid oxidase (UAOX) activity in rat liver by light miaompy (LM) and electron microscopy (EM). UAOX is partially inactivated by aldehyde fmtion and therefore we developed a technique that permits the use of unfmed cryostat sections for both LM and EM studies. Sections of rat liver were mounted on a semipermeable membrane stretched over a gelled incubation medium containing urate as specific substrate for UAOX and cerium ions to capture H20z produced by oxidase activity. The specificity of the reaction was checked by comparing incubations in the presence of substrate with incubations either in the absence of substrate or in the presence of substrate and 2,6,8-Uichloropurine, a competitive inhibitor of UAOX. After incubation the sections were either fmed immediately for EM or visual-
Introduction
Uric acid oxidase (urate: 0 2 oxidoreductase, E.C. 1.7.3.3.; urate oxidase, uricase, UAOX) is a cuproprotein involved in the purine catabolism. It catalyzes the breakdown of uric acid with the use of molecular oxygen, yielding H202, C02, and allantoin (Mahler et al., 1955; Keilin and Hartree, 1936; Battelli and Stern, 1909) . Since urate is assumed to be a potent antioxidant, UAOX is directly involved in the oxygen radical scavenger system of the cell and the circulation.
UAOX is found in all vertebrates except primates, birds, and some reptiles, and in most invertebrates except insects and spiders (Shnitka, 1966; Keilin, 1959) . UAOX has also been demonstrated in higher plants (Vaughn et al., 1982; Thomas and Trelease, 1981) . In the animal body, UAOX is predominantly found in peroxisomes ized for LM with a second-step incubation. At the LM level, final reaction product was found in a granular form, homogeneously distributed throughout the hepatocytes. EM revealed excellent subcellular morphology and electron-dense reaction product in both the core and the matrix of peroxisomes, but not in other organelles or the cytoplasmic matrix. After incubations without substrate or with substrate and inhibitor, hardly any reaction product was found. We conclude that, because of the use of unfiied tissue, UAOX is not inactivated, which results in localization of UAOX activity not only in the COR of peroxisomes but also in of liver and kidney (De Duve, 1960) . However, the exact localization of UAOX activity in peroxisomes is still a matter of debate.
Biochemical studies have demonstrated UAOX activity within the crystalline core of peroxisomes (Hayashi et al., 1971; ?Sukada et al., 1971; De Duve and Baudhuin, 1966; Baudhuin et al., 1965; Hruban and Swift, 1964) , but it is still not clear whether a quantitative correlation exists between UAOX activity and core volume. De Duve and Baudhuin (1966) calculated that 10% of the protein content of the core consists of UAOX, whereas others found that the core consists almost 100% of UAOX (Antonenkov and Pan chenko, 1978; Masters and Holmes, 1977; Hayashi et al., 1971; Bukada et al., 1971; Leighton et al., 1968; De Duve and Baudhuin, 1966; Tsukada et al., 1966; Baudhuin et al., 1965; Hruban and Swift, 1964) . Huang and Beevers (1973) stated that all UAOX in peroxisomes is found in the crystalline core. This finding is in contrast to a cytochemical study by Vaughn et al. (1982) , who found UAOX activity throughout peroxisomes of unfiied leguminous plant tissue with a cerium technique developed by Briggs et al. (1975) to demonstrate oxidase activities. Yokota and Nagata (1974) showed with the ultracryotomy-immunoferritin method that in rat liver UAOX is localized in both matrix and core of peroxisomes. Veenhuis and Wendelaar Bonga (1979) and Angermuller and Fahimi (1986) used the cerium technique and succeeded in ultrastructural localization of UAOX activity in rat liver. They found a distribution of final reaction product predominantly in the peroxisomal core, but small amounts of reaction product were also found in the matrix. Because activity of UAOX had not previously been described in the peroxisomal matrix, Angermuller and Fahimi (1986) ascribed this phenomenon to the result of diffusion of the enzyme from the core, and therefore an artifact. Only Veenhuis and Wendelaar Bonga (1979) mentioned that UAOX activity might be located in the matrix of peroxisomes. However, in more recent literature on the localization of UAOX, the protein and its activity again are described to be exclusively related to the peroxisomal core (Van Noorden and Frederiks, 1993; Volkl et al., 1988) .
The cerium salt capture method to demonstrate oxidase activities at the ultrastructural level can also be applied for light microscopy (LM) by using a second-step incubation in the presence of diaminobenzidine, cobalt, and Hz02 (Gossrau et al., 1989; Angermuller and Fahimi, 1988) . Aqueous media can be used to demonstrate peroxisomal oxidase activities in unfixed cryostat sections (Frederiks et al., 1993b) . The introduction of a semipermeable membrane and a gelled incubation medium enabled demonstration of the activity of the soluble enzyme xanthine oxidase in unfixed cryostat sections (Frederiks and Marx, 1993; Frederiks et al., 1993a) . Recently, studies made it clear that the use of a semipermeable membrane also allowed detection of peroxisomal and soluble enzymes by electron microscopy (EM), combined with a surprisingly wellpreserved ultrastructure (Schellens et al., 1992; Van den Munckhof et al., 1992) . These principles were used to develop a procedure for localization of UAOX activity in unfixed cryostat sections of rat liver. Since it has become clear that UAOX activity is very sensitive to aldehyde fixation (Angermuller and Fahimi, 1986; Thomas and Trelease, 1981; Veenhuis and Wendelaar Bonga, 1979; Yokota and Nagata 1977; Graham and Karnovsky, 1965) , the use of unfixed cryostat sections would give valuable information about the exact intracellular localization of UAOX activity in general and intraperoxisomal activity in particular, about which the literature is far from unanimous.
Materials and Methods
Male Wistar rats weighing 200-270 g were sacrificed under ether anesthesia, after which the liver was removed and cut in small blocks up to 5 mm3. The tissue was immediately frozen in liquid nitrogen and stored in plastic tubes at -8O'C. Cryostat sections (6 and 20 pm thick) were cut with a motor-driven Bright cryostat.
For detection of UAOX activity, the cerium salt capture method was performed using two different incubation techniques .
For LM demonstration ofUAOX activity, an aqueous incubation medium was used. Cryostat sections (6 pm) were mounted on glass slides and airdried. Incubations were performed for 15 and 30 min at 37'C in an incubation medium consisting of 30 mM CeCI3, 100 mM NaN3, 0.1-0.5 mM uric acid, and 300 mM Tris-maleate buffer, pH 7.8 (Frederiks and Marx, 1993; Schellens et al., 1992; Angermuller and Fahimi, 1986) . The specificity of the reaction was investigated by incubating in the absence of substrate and in the presence of substrate plus 20 mM 2.6.8-trichloropurine. a competitive inhibitor of urate oxidase (Mahler. 1963) . Visualization of the reaction product was performed by incubating the cryostat sections in a second-step medium containing 1.4 mM 3,3'-diarninobenzidine, 100 mM NaN3, 42 mM CoClz, and 0.0023 mM H202 in 100 mM Na-cacodylate buffer, pH 6, for 30 min at room temperature (RT) (Gossrau et al., 1989) . After rinsing thoroughly, the sections were embedded in glycerol jelly. Because of fading of the final reaction product, photomicrographs were taken immediately after the procedure.
A second technique for localization of UAOX activity at both the LM and the ultrastructural level was performed by using the semipermeable membrane technique, as introduced by McMillan (1967) . Preparation of the semipermeable membranes was performed as described previously for D-amino acid oxidase (Schellens et al., 1992; Frederiks et al., 1990) and xanthine oxidase (Frederiks and Man, 1993) . The incubation medium was prepared by mixing 1 volume of 4% (w/v) agar (Agar Noble; Difco Laboratories, Detroit, MI) dissolved in 300 mM Tris-maleate buffer with 3 volumes of buffer solution containing NaN3. CeCI3, and uric acid (dissolved in 250 mM NaOH). The latter solution was prepared by adding the compounds to Tris-maleate buffer at 60°C in the order described above to prevent formation and precipitation of cerium hydroxide. Final concentrations were 1% agar, 300 mM Eis-maleate buffer, pH 7.8, 30 mM CeC13, 100 mM NaN3, and 0.5-15 mM uric acid. Cryostat sections (6 pm thick for LM, 20 pm thick for EM) were mounted on the semipermeable membrane and incubated for 15.30, and 120 min at 37°C at a relative humidity of 65-70%. The specificity of the reaction was studied by incubating in the absence of substrate and in the presence of substrate plus 20-100 mM 2,6,8trichloropurine (dissolved in 250 mM NaOH). For the semipermeable membrane technique, all test and control media contained equal amounts of NaOH and the final pH was adjusted to 7.8.
For LM the gelled incubation media were removed and the final reaction product was visualized as described for the aqueous technique. For ultrastructural studies the incubation media were removed and the side of the semipermeable membrane that had been in contact with the incubation medium was cleaned. Incubated cryostat sections were cut out and, including the attached piece of semipermeable membrane, fixed immediately in a mixture of 1% glutaraldehyde and 4% formaldehyde in 100 mM Na-cacodylate buffer, pH 7.4, for 1 hr at RT. Subsequently, sections were rinsed twice in the same buffer, post-fiued in 1% os04 in 100 mM Nacacodylate buffer, pH 7.4, for 1 hr at 4'C. and dehydrated according to standard procedures. Finally, sections were embedded in IX-112 epoxy resin.
To assess the presence of tissue and the preservation of tissue morphology, 1-2-pm semi-thin sections were studied. Ultra-thin sections (40-50 nm) were cut with an LKB Ultrotome I11 and collected on single-hole copper grids carrying a formvar film. Ultra-thin sections were investigated with a Zeiss EM 1Oc transmission EM either unstained or stained with uranyl acetate and lead citrate.
Additional X-ray microanalysis of ultra-thin sections was performed with an EDAX 9800 microanalysis unit coupled to a Philips CM 12 transmission EM. For this purpose the formvar films on the grids were reinforced by providing them with a thin carbon layer.
Results

Aqueous Technique
After incubating unfixed cryostat sections of rat liver for 15 min at 37°C in the presence of 0.5 mM uric acid, a granular distribution of final reaction product was found throughout the hepatocytes. The amount of final reaction product increased after 30 min of incubation and showed a homogeneous distribution in periportal and pericentral areas ( Figures 1A and 1B) . When sections were incubated in the absence of substrate no granular reaction product was found ( Figure IC) . Incubations performed in the presence of substrate plus 20 mM 2,6,8-trichloropurine, a competitive inhibi- tor of UAOX activity, resulted in a granular distribution pattern of final reaction product ( Figure 1D ). However, the intensity and the amount of granules were strongly reduced compared with incubations in the presence of substrate only. Under all conditions, sections showed low background staining of cytoplasm and nuclei of liver cells ( Figures IB-ID) .
Sem$ermeable Membrane Method
When the semipermeable membrane technique and incubations for 15 and 30 min at 37'C were used, similar results as with the aqueous technique were obtained only when the substrate concentration was increased from 0.5 to 15 mM. To obtain a considerable inhibition of the enzyme activity, 100 mM 2,6,8-trichloropurine had to be added to the incubation medium. In comparison with the aqueous method, the nonspecific background staining was more pronounced, and also when incubations were performed in the absence of substrate.
At the ultrastructural level, incubations for 15 min at 37°C in the presence of substrate did not result in the appearance of electron dense-reaction product, but incubations for 30 min resulted in a heterogeneous distribution of electron-dense precipitate in peroxisomes. The amount of reaction product in different peroxisomes varied from hardly any reaction product to large amounts of precipitate (Figure 2A) . The electron-dense precipitate was rather homogeneously distributed over the peroxisomal core and matrix (Figures 2A and 2B ). In only a few peroxisomes was the matrix slightly more electron dense than the crystalline core. Other cell organelles could be recognized rather well, although some changes were observed, such as detachment of ribosomes and some irregular- ity of the peroxisomal outline. No reaction product was found in the cytoplasmic matrix or any other cell organelles, including the endoplasmic reticulum and the Golgi complex. After incubation for 120 min, all peroxisomes showed large amounts of electrondense precipitate ( Figures 3A and 3B ). After this prolonged incubation period the morphology was rather poor. After incubations for 30 or 120 min at 37°C in the absence of substrate, no electrondense reaction product was found ( Figure 2C) . Apart from only a few peroxisomes containing small amounts of reaction product, no reaction product could also be detected after incubation for 30 min in the presence of substrate plus 2,6,8-trichloropurine ( Figure  2D ). The subcellular morphology after incubations in the presence of substrate plus 2,6,8-trichloropurine was significantly decreased in comparison with other incubations (Figure 2D ).
X-ray microanalysis of peroxisomes and cytoplasm showed that the precipitate found in peroxisomes after incubation in the presence of substrate contained a 2.5-4-fold higher cerium concentration compared with the directly adjoining cytoplasm (data not shown). The cerium concentrations measured after incubation in the absence of substrate or in the presence of substrate and competitive inhibitor were similar in peroxisomes and surrounding cytoplasm.
Discussion
The present study shows that in rat hepatocytes UAOX activity can be demonstrated with a granular localization at the LM level in unfixed cryostat sections both with an aqueous incubation medium and with the semipermeable membrane technique. When an aque-ous incubation medium is used the enzyme is not protected against diffusion from the section into the medium. Therefore, it appears that UAOX is a highly insoluble enzyme. The specificity of the reaction was proven by the absence of granular final reaction product after incubations without substrate and by the appearance of only small amounts of granular final reaction product after incubation in the presence of substrate plus a competitive inhibitor of UAOX activity. The intensity of nonspecific background staining in cytoplasm and nuclei was somewhat higher with the semipermeable membrane technique than with an aqueous incubation medium. This might be caused by adherence of cerium ions to cell constituents with the membrane technique, which does not take place to such a large extent when aqueous media are used. The poor solubility of urate in aqueous media of pH 7.8, combined with the use of a gelled incubation medium and the application of a semipermeable membrane, may be the reason that very high concentrations of urate were needed to reach a sufficiently high local concentration to detect UAOX activity. This may also explain why, at a concentration of 15 mM urate in the incubation medium, substrate inhibition of UAOX activity was not found, as reported in other studies using an aqueous incubation medium (Angermuller, 1989; Theimer and Beevers, 1971) .
After incubation for 15 min in the presence of substrate, no reaction product was found at the ultrastructural level, whereas small amounts were found at the LM level. Therefore, the LM technique is more sensitive than the EM procedure, which may be due to the amplifying effect of the visualization step needed for LM.
The ultrastructural studies performed on unfixed cryostat sections attached to a semipermeable membrane showed that UAOX activity is localized in the core and the matrix of peroxisomes and that activity is not detectable in other cell organelles, including the endoplasmic reticulum and the Golgi complex, or in the cytoplasmic matrix. These findings were obtained after incubations for 30 and 120 min. The specificity of the reaction for UAOX was proven by the finding that electron-dense reaction product could not be observed after incubating in the absence of substrate or in the presence of substrate plus 2.6,8-trichloropurine, a specific inhibitor for UAOX activity. X-ray microanalysis gave further support for the presence of specific UAOX activity in peroxisomes.
The absence of reaction product at the EM level after 15 min of incubation, the heterogeneous distribution of reaction product throughout the population of peroxisomes after 30 min of incubation, and the homogeneous distribution pattern after 120 min of incubation indicate that the formation of cerium perhydroxide is dependent on time and therefore seems to be produced enzymatically. The heterogeneous distribution of UAOX activity after 30 min of incubation might be caused by the different age of the peroxisomes in a peroxisomal population (Yamamoto and Fahimi, 1987) . This phenomenon of heterogeneity has been reported for other peroxisomal enzymes as well, such as amino acid oxidase (Schellens et al., 1992; Angermuller, 1989) .
In most peroxisomes the core and the matrix showed an equal electron density, but in about 10% of the peroxisomes somewhat higher electron density was found in the matrix. Localization of the protein UAOX and UAOX activity in the crystalline core of peroxisomes, but not in the matrix, has been extensively reported (Angermuller and Fahimi, 1986; Antonenkov and Panchenko, 1978; Masters and Holmes, 1977; Hayashi et al., 1973; Huang and Beevers, 1973; Hayashi et al., 1971; lhkada et al., 1971; Leighton et al., 1968; De Duve and Baudhuin, 1966; Zsukada et al., 1966; Baudhuin et al., 1965; Hruban and Swift, 1964; Keilin, 1959) . Moreover, the biochemical studies demonstrating the presence of UAOX activity in peroxisomes containing a core and the absence of activity of the enzyme in peroxisomes without a core suggest that UAOX is strongly related to the crystalline core, but not to the matrix, of peroxisomes. However, urate oxidase was found in peroxisomes of fish and amphibia, in which peroxisomes with cores are not present (Wada and Noguchi, 1986; Noguchi et al., 1979; Kramar et al., 1974) . Veenhuis and Wendelaar Bonga (1979) were the first to note the presence of UAOX activity in both the matrix and the core of rat liver peroxisomes. Angermuller and Fahimi (1986) also found final reaction product in the matrix, but they ascribed this phenomenon to a diffusion of final reaction product out of the core. Our study with unfixed cryostat sections and a semipermeable membrane, which prevents leakage of soluble and loosely bound enzymes, clearly showed that UAOX activity is present in both core and matrix of peroxisomes of rat liver. Inactivation of the enzyme, particularly in the matrix (Angermuller and Fahimi, 1986) , is prevented by omitting fixation. Diffusion of reaction product is most unlikely because with the same technique, D-amino acid oxidase activity was demonstrated exclusively in the matrix of peroxisomes (Schellens et al., 1992) . The absence of electron-dense reaction product after 15 min of incubation and the simultaneous formation of electron-dense reaction product in both the core and the matrix of peroxisomes after 30-min incubation also indicate that diffusion of reaction product is not feasible.
The primary physiological role of UAOX in rat hepatocytes seems to be the breakdown of urate to allantoin, with the production of CO2 and H202 being of minor importance. Since urate is considered a potent antioxidant (Ames et al., 1981) , UAOX may play a regulatory role in the process of oxidative stress. Urate is produced only after breakdown of hypoxanthine by xanthine oxidoreductase. According to Angermuller's group, the oxidase form of the enzyme is localized at least in the core of peroxisomes when the cerium salt technique is used (Angermiiller and Fahimi, 1988; Angermuller, 1989) . Kooij et al. (1991 Kooij et al. ( , 1992 found high activity of xanthine oxidoreductase in the cytoplasm of liver cells with a tetrazolium salt method. Therefore, urate may be produced either in peroxisomes, where it can be used immediately by UAOX, and/or in the cytoplasmic matrix of hepatocytes, from which diffusion or transport into the peroxisomes must take place.
As far as we know this is the first study on the localization of UAOX activity in peroxisomes at the LM level. Furthermore, the investigation proves the localization of UAOX activity in both the core and matrix of peroxisomes when unfixed cryostat sections are used, which prevents inactivation of labile enzymes by fixation.
